Solvation Layer of Antifreeze Proteins Analyzed with a Markov State Model by Wellig, Sebastian & Hamm, Peter
Zurich Open Repository and
Archive
University of Zurich
Main Library
Strickhofstrasse 39
CH-8057 Zurich
www.zora.uzh.ch
Year: 2018
Solvation Layer of Antifreeze Proteins Analyzed with a Markov State Model
Wellig, Sebastian <javascript:contributorCitation( ’Wellig, Sebastian’ );>; Hamm, Peter
<javascript:contributorCitation( ’Hamm, Peter’ );>
Abstract: Three structurally very different antifreeze proteins (AFPs) are studied, addressing the question
as to what extent the hypothesized preordering-binding mechanism is still relevant in the second solvation
layer of the protein and beyond. Assuming a two-state model of water, the solvation layers are analyzed
with the help of molecular dynamics simulations together with a Markov state model, which investigates
the local tedrahedrality of the water hydrogen-bond network around a given water molecule. It has been
shown previously that this analysis can discriminate the high-entropy, high-density state of the liquid
(HDL) from its more structured low-density state (LDL). All investigated proteins, regardless of whether
they are an AFP or not, have a tendency to increase the amount of HDL in their second solvation layer.
The ice binding site (IBS) of the antifreeze proteins counteracts that trend, with either a hole in the
HDL layer or a true excess of LDL. The results correlate to a certain extent with recent experiments,
which have observed ice like vibrational (VSFG) spectra for the water atop the IBS of only a subset of
antifreeze proteins. It is concluded that the preordering-binding mechanism indeed seems to play a role
but is only part of the overall picture.
DOI: https://doi.org/10.1021/acs.jpcb.8b04491
Posted at the Zurich Open Repository and Archive, University of Zurich
ZORA URL: https://doi.org/10.5167/uzh-161666
Journal Article
Accepted Version
Originally published at:
Wellig, Sebastian; Hamm, Peter (2018). Solvation Layer of Antifreeze Proteins Analyzed with a Markov
State Model. Journal of Physical Chemistry B, 122(49):11014-11022.
DOI: https://doi.org/10.1021/acs.jpcb.8b04491
Solvation Layer of Antifreeze Proteins Analyzed with a Markov State Model
Sebastian Wellig, Peter Hamm*
Department of Chemistry, University of Zurich, Switzerland
*corresponding author: peter.hamm@chem.uzh.ch
(Dated: July 8, 2019)
Abstract: Three structurally very different antifreeze proteins (AFPs) are studied, addressing
the question to what extent the hypothesized pre-ordering-binding mechanism is still relevant in the
second solvation layer of the protein and beyond. Assuming a two-state model of water, the solvation
layers are analyzed with the help of molecular dynamics simulations together with a Markov state
model, which investigates the local tedrahedrality of the water hydrogen-bond network around a
given water molecule. It has been shown previously that this analysis can discriminate the high-
entropy, high-density state of the liquid (HDL) from its more structured low-density state (LDL).
All investigated proteins, regardless whether they are an AFP or not, have a tendency to increase
the amount of HDL in their second solvation layer. The ice binding site (IBS) of the antifreeze
proteins counteracts that trend, with either a hole in the HDL layer or a true excess of LDL. The
results correlate to a certain extent with recent experiments, which have observed ice-like vibrational
(VSFG) spectra for the the water atop of the IBS of only a subset of anti-freeze proteins. It is
concluded that the pre-ordering-binding mechanism indeed seems to play a role, but is only part of
the overall picture.
I. INTRODUCTION
Antifreeze proteins (AFPs) are a class of proteins that
protect organisms from ice formation at temperatures be-
low freezing point.1–4 They are found in polar fish, some
insects, bacteria and plants, and are also of interest for
the food industry, because they improve properties of
frozen food with regard to texture or cryopreservation.5,6
AFPs exhibit a rich structural variety with very different
primary, secondary and tertiary structures,2 and different
evolutionary origins. The “adsorption-inhibition” mech-
anism is the accepted picture for AFPs. The active site
of an anti-freeze proteins, the so-called ice-binding site
(IBS), is a typically relative flat, rigid, and hydrophobic
surface of the protein with often (but not always) a reg-
ular structure. The IBS binds to nascent ice crystals and
thereby prevent their further growth.4 AFPs introduce
a thermal hysteresis gap, within which ice neither grows
nor melts.
The mechanism, by which the binding to ice crys-
tals exactly occurs, is however still debated. The origi-
nally suggested mechanism is purely based on H-bonding
capabilities.3 This hypothesis, however, fails to explain
how AFPs are better binders than water, which is a ca-
pable H-bonder and in large excess (in the order of 1 mM
of the AFP versus ≈55 M of water). Furthermore, since
it was noticed that ice-binding sites are often rather hy-
drophobic, a new hypothesis based on the hydrophobic
effect was suggested. That is, it is assumed that water on
the ice-binding site forms clathrate-like structures, which
have less degrees of freedom than bulk water. Ice-binding
would then be entropically disfavoured to a lesser extent
by the release of these clathrate-like solvation layers.4,7
This idea is closely related to the “pre-ordering-binding”
mechanism, according to which a locally tetrahedral sol-
vation layer acts as a mediator between the IBS and an
ice crystal.7,8
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FIG. 1. Proteins considered in this study: (a) AFP-III
(1MSI), (b) DAFP-1 (1EZG), (c) AFP-I (1WFA) and (d)
avidin (3SZH). In the case of the antifreeze proteins, the side-
chains of the IBS are indicated, i.e., for AFP-III: Q9, L10, I13,
N14, T15, A16, T18, L19, V20, M21, V41, Q44,9, for DAFP-
1: T3, T16, T26, T28, T38, T40, T50, T52, T62, T64, T73,
T76,10 and for AFP-I: T2, A3, A6, A10, T13, A14, A17, A21,
T24, A25, A28, A32, T35, A36.11 Pictures were generated
with VMD.12
A series of experimental papers in this regard has been
published recently by Bakker and co-workers,13–15 as well
as by Weidner and co-workers,16 who measured the vi-
brational sum frequency generation (VSFG) spectra of
certain AFPs that accumulate and align at the water-
air interface. Despite the fact that these experiments
have been performed at room temperature, the VSFG
band of the OH vibration of water is strongly red-shifted
and resembles that of ice when type III AFP from an
antarctic eelpout (abbreviated as AFP-III in the follow-
ing, see Fig. 1a) is investigated.13 The authors of this
study therefore concluded the presence of locally tetra-
2hedral water at the IBS of the protein. Interestingly,
that spectroscopic feature completely disappeared in sin-
gle point mutation of AFP-III (T18N),13 which is known
to be basically inactive as AFP.17–19 On the other hand,
they also did not observe the same ice-like VSFG spec-
trum for another AFP (DAFP-1, see Fig. 1b), despite
the fact that it is more active as AFP than AFP-III, and
concluded that the binding mechanism is different in this
case.14 Havenith and co-workers, on the other hand, have
addressed the same question with the help of THz spec-
troscopy. They have seen subtle changes in the THz spec-
trum of water solvating DAFP-1, which they attributed
to an extended solvation layer.20 However, other studies
from the same group suggested that this is a very uni-
versal observation for all proteins.21,22
Molecular dynamics (MD) simulations have been
widely used to investigate the pre-ordering-binding mech-
anism. For instance, Sharp and co-workers suggested
that the first water coordination shell around AFP-III
indeed exhibits a slightly enhanced tetrahedrality at
room temperature.23,24 Similar conclusion were drawn
by Daggett and co-workers25, as well as Smith and
coworkers,8 using a variety of water force fields and or-
der parameters to measure the amount of tetrahedrality.
Approaching the problem from a different angle, Jana
and coworkers used an free energy perspective, showing
that the IBS of various AFBs “see” an ice surface over
significant distances (up to 20 A˚) in terms of a sloped
potential of mean force.26–28 On the other hand, Leitner
and coworkers compared the partial specific heat of water
near the IBS of DAFP-1 with the rest of the protein.29
Both free energy and specific heat measure entropy from
a thermodynmic rather than from a structural point of
view.
The pre-ordering-binding mechanism, and in partic-
ular the observation of ice-like water atop of the IBS
of AFP-III, suggests that there is a connection to the
two-state model of water. That model has been put for-
ward a long time ago30 to explain the many anomalies
in the thermodynamic properties of bulk water, and is
closely related to the liquid-to-liquid phase transition hy-
pothesis introduced by Stanley and coworkers31,32. Ac-
cording to this model, water can exist in two forms,
a low-density liquid (LDL), which is locally tetrahe-
dral up to the second coordination shell around each
water molecule, versus a high-density liquid (HDL),
which contains intercalated tetrahedral hydrogen bond
networks.32,33 It should be noted that alternative views
on the structure of HDL have been proposed in litera-
ture, i.e., single-donor/single-acceptor chains or rings of
water molecules.34–36 In any case, while both forms of
water are separated by a first-order phase transition be-
low a liquid-to-liquid critical point (which is suspected at
around 220 K), the transition becomes continuous above
the liquid-to-liquid critical point with spatial domains of
certain size that still can be characterized as LDL and
HDL.37,38 For example, the density maximum of water
at 4◦C is explained as a shifting equilibrium between LDL
and HDL. Increasing computational39–45 and experimen-
tal46–54 evidence has recently been accumulated that sug-
gests that such a liquid-to-liquid phase transition indeed
exists for various computer models of water as well as for
real water. From the computational point of view, the
issue has been contested,55–57 but much of that contro-
versy has recently been resolved.45
It has been proposed that the dynamical transition of
proteins (also sometimes called the “protein glass tran-
sition”) is related to the liquid-liquid phase transition of
the solvating water.58 Here, we make a different connec-
tion between proteins and the two-state model of water.
That is, the working hypothesis here is that the presence
of a protein, and in particular the IBS of an AFP, lo-
cally shifts the equilibrium between HDL and LDL in the
solvation layer of the protein. In fact, the pre-ordering-
binding mechanism would suggest that the amount of
LDL is enlarged at the IBS of an AFP.
In order to be able to identify HDL or LDL water,
one needs a proper order-parameter. To the best of
our knowledge, there exist only two options that work
not only very close to the liquid-to-liquid critical point,
but also at ambient temperatures. The first option is
the so-called local structure index,59–61 which consid-
ers all waters in the first and the second coordination
shell around a central water molecule and evaluates their
inter-molecular distances (for details see e.g. Eq. 1 of
Ref. 60). The local structure index reveals a bimodal
distribution corresponding to LDL and HDL, however
only after quenching MD snapshots to 0 K.60,61
To avoid that drawback, we recently introduced a
Markov state model as the second option for such an
order parameter.62 As for the local structure index, the
first and second coordination shell around each water are
analyzed, addressing the question whether it is locally
tetrahedral up to the second coordination shell (resem-
bling LDL) or whether the second coordination shell in-
tercalates in the voids of the first one (HDL). To that
end, the five closest waters around a given reference wa-
ter are selected. While the four closest waters are tetra-
hedral for most of the time in any case, the position of
the fifth-closest water, which is the first water in the sec-
ond coordination shell, has been shown to be decisive in
discriminating LDL from HDL.63
The basic idea of a Markov state model is to first
discretize the space of local structures into highly re-
solved microstates by introducing a measure of struc-
tural similarity (such as an RMSD). One then deter-
mines the transition probability between each pair of mi-
crostates along a MD trajectory, and analyzes the “ki-
netic content” of that transition probability matrix.64,65
The critical question is whether there exists a separa-
tion of timescales between the slowest and the subse-
quent faster timescales,65 in which case the dynamics can
be characterized as two-state. That is, fast timescales
would indicate the dynamics within free energy basins,
i.e. the pre-exponential factor k0 in an Arrhenius law
k = k0e
−Fa/kBT in the simplest possible scenario, while
3the slowest component would reflect the rate k of hop-
ping across the one dominant barrier separating two free
energy basins. The Markov state model has higher res-
olution power than conventional local order parameters,
such as the radial distribution function g5(r) of the fifth-
closest water molecule,63 allowing one to detect two-
state behaviour even at room temperature in the pres-
ence of thermal noise, i.e., without having to quench MD
simulation snapshots to 0 K. Using that approach, it
has been shown in Ref. 62 that both bulk ST266 and
TIP4P/200567 water indeed exhibit two-state behaviour
in a wide temperature and pressure range from ambient
conditions into the supercooled regime, and that the two
corresponding subensembles can be characterized as LDL
and HDL.
Here, we apply the same Markov state model to water
solvating various AFPs. If the interpretation of Ref. 13
is correct with an ice-like (LDL) layer of water atop of
the IBS of the protein, then this algorithm should de-
tect it. For the purpose of this study, we selected AFP-
III, its mutant T18N, DAFP-1 (Fig. 1a,b), as well as a
type I AFP from winter flounder that consist of a sin-
gle α-helix (abbreviated as AFP-I in the following, see
Fig. 1c). With these examples, we cover most of the
structural variability of AFPs.2 As a counter example,
we also investigated shwanavidin (abbreviated as avidin
in the following), which is a β-barrel(Fig. 1d) similar to
the IBS of DAFP-1. It does however not have any known
activity as AFP.
II. METHODS
A. MD Simulations
PDB structures of the considered proteins (1MSI for
AFP-III,18 1EZG for DAFP-1,10 1WFA for AFP-I,68 and
3SZH for Avidin,69 were converted into Gromacs70 af-
ter (in some cases) extracting one protein from a unit
cell with more than one protein, and after adding the
amino acids that are missing in the X-ray structures,
since they are in floppy regions (termini and loops) using
MODELLER.71 The mutant T18N of AFP-III has been
constructed in the same way. The Gromacs implemen-
tation of the Charmm27 force field has been used.72,73
The proteins were solvated with ≈7000 to ≈13000 water
molecules, depending on the size of the protein, by defin-
ing a minimum distance of 10 A˚ from the protein to
the faces of a cubic box (in the case of AFP-I, that layer
was reduced to 7 A˚ in order to save computational time,
since the molecule as a single α-helix is very large, albeit
only in one dimension, and most of the time will not lie
parallel to any of the box-edges). We used TIP4P/2005
water67, despite the fact that the Charmm27 force field
has been parametrized for TIP3P,74 since TIP4P/2005
describes the thermodynamic properties of bulk water
much better;75 in fact we found that TIP3P does not re-
veal any two-state behavior based on the Markov state
model. The simulation box was neutralized (if needed)
with the proper number of Na+ ions, energy minimized,
and the water molecules pre-equilibrated for 1 ns with
the protein constraint. For the subsequent molecular dy-
namics (MD) simulations, all bonds involving hydrogen
atoms were constrained, allowing for a 2 fs time step.
The long range electrostatic forces were treated by the
Particle-Mesh-Ewald approximation76 and the Lennard-
Jones interactions were smoothly switched to zero from
9 A˚ to 10 A˚. The simulations were performed in the NpT
ensemble, with temperature (280 K, coupling time 0.2 ps)
and pressure (1 bar, coupling time 0.5 ps) controlled us-
ing velocity-rescaling77 and the Berendsen barostat,78 re-
spectively. Starting from the pre-equilibrated states, 1 µs
long trajectories were launched with snapshots taken ev-
ery 50 ns, where the first 50 ns served as equilibration.
These snapshots were used as starting points for the ac-
tual production runs, each 1 ns long with a saving time of
20 fs. This interleaved protocol was chosen, since a simu-
lation time of 1 ns was considered long enough to sample
the water configurations around a given protein config-
uration, but too short to sample protein configurations.
On the other hand, the full 1 µs trajectory would have
been computationally too costly to be analyzed with the
algorithm described in the next section.
B. Markov State Model
The Markov state model used to analyse of the protein
solvation layer has been constructed in essentially the
same way as in Ref. 62, where the two-state behaviour of
bulk water has been investigated. In brief, the five closest
water molecules around a given reference water molecule
were selected. The continuous space of structures of
these clusters of six water molecules was discretized into
highly resolved microstates (typically 30’000-40’000 mi-
crostates), applying the hierarchical algorithm presented
in Ref. 79 together with the RMSD80 of the oxygen atoms
used as a measure of structural similarity. Subsequently,
a transition probability matrix between those microstates
was calculated, whose eigenvalues represent the dynami-
cal content of the system.
In comparison to Ref. 62, the algorithm had to be
adapted only to a minor extent for the purpose of the
present study. That is, since the structures of the five
closest water molecules around a given water molecule
need to be analyzed with regard to the question whether
it is HDL or LDL-like, it does not make sense to con-
sider reference water molecules in the first solvation layer
around the protein, since those necessarily will have a
smaller coordination number. We therefore defined a cut-
off distance of 5 A˚ to the closest atom of the protein,
which turned out to be the minimum between first and
second solvation layer in a distance distribution function
of waters around the protein (vide infra). We considered
only water molecules beyond that cut-off in the construc-
tion of microstates and in the Markov state model. If the
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FIG. 2. The leading time constants of the Markov State
Model for (a) bulk TIP4P/2005 water at 280 K and (b)
TIP4P/2005 water solvating AFP-III. Panel (a) is shown for
comparison and has been reproduced from Ref. 62.
simulation box contained ions (because the correspond-
ing protein is charged), waters around the ions were dis-
carded as well with the same cut-off.
From the eigenvector of the transition probability ma-
trix corresponding to the equilibrium distribution (ρ1,
with time constant infinity) and the subsequent slowest
kinetic process (ρ2), an order-parameter:
p = ρ2/ρ1 (1)
was calculated that discriminates LDL from HDL (see
Figs. 1c and 3ef of Ref. 62). Furthermore, these eigen-
vectors were localized by an unitary transformation,81
revealing two density distributions ρ
(loc)
LDL and ρ
(loc)
HDL (see
Fig. 1d and Eqs. 7-11 of Ref. 62 for details), which were
used as weight functions to calculate certain distribution
functions of the LDL and HDL subensembles (they were
assigned to LDL and HDL based on g5(r) discussed be-
low). The “relative LDL excess” is defined as:
LDL ≡ ρ
(loc)
LDL − ρ(loc)HDL
ρ
(loc)
LDL + ρ
(loc)
HDL
. (2)
III. RESULTS
Figs. 2 and 3 compare the results of the Markov state
model for bulk TIP4P/2005 water at 280 K (taken from
Ref. 62) with those for TIP4P/2005 water solvating a
protein, exemplified here for AFP-III (virtually the same
results are obtained for all considered proteins). Fig. 2
shows the distribution of eigenvalues of the transition
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FIG. 3. Radial distribution functions g5(r) of the fifth-closest
water molecule around a central reference water molecule for
(a) bulk TIP4P/2005 water at 280 K and (b) TIP4P/2005 wa-
ter solvating AFP-III. The black lines show the overall g5(r),
while red and blue lines show the g5(r)’s weighted with the
two distributions ρ
(loc)
LDL and ρ
(loc)
HDL. Panel (a) is shown for
comparison and has been reproduced from Ref. 62.
probability matrix, revealing a small but distinct separa-
tion of timescales between the slowest process (eigenvalue
index k=2; the eigenvalue with index k = 1 is infinity and
corresponds to the equilibrium distribution) and the sub-
sequent faster processes (eigenvalue indices k ≥ 3). This
timescale separation evidences two-state behavior.
Fig. 3, in turn, shows the radial distribution function
g5(r) of the fifth-closest water molecule of the overall sim-
ulation box (black) and of the two subensembles defined
by the two localized distributions ρ
(loc)
LDL (red) and ρ
(loc)
HDL
(blue). While the overall g5(r) is not bimodal and as such
would not provide any criterion to discriminate LDL from
HDL per se (it is bimodal only at temperatures very close
to the liquid-to-liquid critical point),63 the fact that the
center-of-masses of the g5(r)’s of the two sub-ensembles
do differ still allows one to assign them to LDL or HDL.
That is, the distribution shown in red peaks at 3.5 A˚,
indicating a fifth-closest water that is in a tetrahedral
structure in the second coordination shell and hence the
corresponding central reference water can be character-
ized as LDL (note that 3.5 A˚ is significantly closer than
the 4.5 A˚ expected for the second coordination layer in a
tetrahedral structure. That is since the fifth-closest wa-
ter is the closest one from in total 12 waters in the second
coordination layer. Due to that pre-selection and fluctu-
ations in the liquid, its distribution peaks at a smaller
distance). In contrast, the blue distribution peaks at
3.3 A˚, indicating a fifth-closest water that is closer to the
central water, since it intercalates in the voids formed by
the tetrahedral structure of the first coordination shell,
indicative for HDL. These g5(r)’s together with 3D oxy-
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FIG. 4. Relative LDL excess LDL as a function of distance to
the protein for the three AFPs: (a) AFP-III (with the dotted
line showing the result for the mutant T18N), (b) DAFP-1,
(c) AFP-I and (d) avidin. Shown in blue is the ratio of all
waters around the protein and in case of the AFPs in red the
ratio of only the waters next to the active site (defined in the
caption of Fig. 1). The dashed lines indicate LDL averaged
over the whole simulation box (which varies a little bit due
to noise in the construction of the Markov state model). The
inserts shows the overall distance distribution functions. The
arrows mark features discussed in the text.
gen distributions (Fig. 4 in Ref. 62) have been used to
verify that the Markov state model indeed discriminates
LDL from HDL, even at ambient conditions.62 The fact
that the presence of the protein does not change these re-
sults evidences that the Markov state model is robust, or,
put differently, that the simulation box is large enough
to have sufficient number of water molecules with bulk
properties that serve to calibrate the Markov state model.
The inserts of Figs. 4 show the number of waters as
function of the distance from the protein for all consid-
ered proteins. The distance is defined as the distance of
the oxygen atom of the central reference water molecule
to the closest atom of the protein. These distance distri-
bution functions are very similar for all considered pro-
teins, regardless whether it is an AFP or not, with three
features in the first solvation layer marked by the arrows
in Fig. 4a (insert). The first and second peaks in the
distance distribution functions at ∼ 2 A˚ and ∼ 3 A˚ cor-
respond to waters that bind to the protein either as
hydrogen-bond acceptors (with the closest atom of the
proten being a proton) or as hydrogen-bond donors, re-
spectively. We furthermore attribute the faint shoulder
at ∼ 4 A˚ to water molecules in the vicinity of hydropho-
bic parts of the proteins surface. The relative amplitudes
of these features varies a little bit from protein to protein.
The minimum at ∼ 5 A˚ separates these waters from the
second solvation layer and was therefore chosen as a cut-
off for the Markov state model. The second solvation
layers peaks at ∼ 5.8 A˚, while the distance distribution
function is barely structured beyond.
The main panels of Fig. 4 show the relative LDL ex-
cess LDL (see Eq. 2) as a function of distance, which
is defined only beyond the cut-off of 5 A˚. In bulk wa-
ter at the temperature and pressure of the simulation,
the amount of HDL is larger than that of LDL,62 hence
the “baseline” for LDL is negative (see dashed lines in
Fig. 4). What is relevant here is the extent to which LDL
deviates from that baseline (which still will be negative
numbers). The blue lines in Fig. 4 show LDL averaged
over the whole protein surface. With regard to that, all
proteins exhibit essentially the same trend, i.e., LDL de-
creases as one approaches the protein surface, indicating
an excess of HDL in the second solvation layer. For the
AFPs, the additional red line in Fig. 4a-c show the rela-
tive LDL excess LDL for only the waters in the vicinity
of the IBS, which is defined by the amino acids shown in
Fig. 1. The comparison between AFP-III and DAFP-1 is
quite revealing. In both cases, the red line lies above the
blue line in a range <∼ 8 A˚, indicating that the amount
of LDL is larger in a relative sense. However, only in
the case of AFP-III, the LDL truly exceeds that of bulk
water in a range from ∼5 A˚ to ∼7.5 A˚ (see arrow in the
main panel of Fig. 4a; the dashed line indicates the value
of LDL averaged over the whole simulation box). In the
case of DAFP-1, in contrast, LDL oscillates a little bit,
albeit only around the average value. AFP-I reveals a re-
sult that is somewhere in between AFP-III and DAFP-1.
The T18N mutant of AFP-III is essentially indistinguish-
able from AFP-III (see Fig. 4a, dotted lines), despite the
fact that this single point mutation essentially switches
off its activity as AFP,17–19 and it differs significantly
from AFP-III with regard to its VSFG spectrum.13
The significance of the difference between AFP-III and
DAFP-1 becomes clearer in Fig. 5a,b, which shows the
3D distributions of LDL around the protein. These plots
where generated by aligning all MD snapshots onto the
average backbone structure by minimizing the RMSD of
the Cα atoms. As the protein was aligned, all water
molecules were translated and rotated in the same way.
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FIG. 5. Distribution of the relative LDL excess LDL around
(a) AFP-III, (b) DAFP-1, (c) AFP-I, and (d) avidin. The red
contour surfaces are at LDL = −0.205, indicating an excess of
LDL relative to the bulk value, and the blue contour surfaces
at LDL = −0.27 indicating an excess of HDL. The residue
of the IBS (in the case of the AFPs, panels a-c), and the
protein backbone are shown as well. The latter is colored
according to rigidity: red for more rigid over white towards
blue for more flexible. The arrows mark features discussed in
the text. Pictures were generated with VMD.12
Densities were calculated by binning into cubes of size
1 A˚3 and by subsequent Gaussian smoothing with width
1.5 A˚. Only bins containing > 3% of the bulk water den-
sity are shown in order to suppress the noise that occurs
close to the protein when the water content becomes low.
While we see an excess of LDL atop of the IBS in the
case of AFP-III (Fig. 5a), indicated by the red contour
surface, we find only a “hole” atop of the IBS of DAFP-
1 in an otherwise dominating HDL layer shown in blue
(Fig. 5b). DAFP-1 and avidin are not qualitatively differ-
ent with regard to the 3D distributions of LDL, despite
the fact that avidin has no known activity as AFP. That
is, also avidin exhibits HDL patches with similar-sized
holes on the protein surface (Fig. 5d). Finally, just like
for Fig. 4a-c, AFP-I lies in between AFP-III and DAFP-1
with some excess of LDL (shown in red) atop of the IBS.
Also depicted in Fig. 5 is the flexibility of protein back-
bone encoded by its color (red for more rigid, over white
towards blue for more flexible). There is a clear correla-
tion between flexibility of the backbone and the amount
of HDL in the solvation layer. This is most evident for
AFP-I (Fig. 5c), which as a single α-helix is quite flexible
towards its termini with two pronounced patches of HDL
around them. But there is a region of higher flexibility
also in the middle of the helix accompanied by another
patch of HDL, both of which are marked by an arrow
in Fig. 5c. This correlation is harder to see in the other
AFPs but does exist as well, see e.g. arrows in Fig. 5a
for AFP-III. Conversely, the IBS of DAFP-1 (Fig. 5b) is
the most rigid structure among all proteins studied here,
and consequently no excess of HDL is formed.
Fig. 6 shows the same as Fig. 5, but with protein now
colored according to residuum-type. Holes in the HDL
layer coincide with regions with apolar (white) or at most
polar (green) amino acids at the surface, while charged
amino acids tend to induce HDL patches (see arrows).
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FIG. 6. Same as Fig. 5, but the protein now shown as surface
plot (oriented in the same way as in Fig. 5) and colored ac-
cording to residuum-type: Non-polar residues in white, polar
residues in green, basic residues in blue, and acidic residues
red. The arrows mark charged amino acids. Pictures were
generated with VMD.12
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FIG. 7. Time-correlation function for bulk water (black) and
the water molecules around AFP-III that remain in a solva-
tion layer between 5 A˚ and 8 A˚ during the calculation of the
correlation function (blue). The insert highlights the initial
drop of the correlation function, with the dashed line extrap-
olating the slow component to t = 0. The bulk water data
have reproduced from Ref. 62.
That observation is very universal and is true for all AFPs
as well as for the control avidin.
We furthermore consider the time-correlation function:
c(t) ≡ 〈p(0)p(t)〉, (3)
where the order parameter p(t) is defined in Eq. 1.
Fig.7, black line, shows this correlation function for bulk
water,62 while the blue line shows it for only those wa-
ter molecules around AFP-III that remain in a solvation
layer between 5 A˚ and 8 A˚ in the time-window of the
correlation function. In either case, the time-correlation
function decays in a biphasic manner, with an initial
very quick drop and as subsequent much slower, close-
to-exponential tail. It has been shown in Ref. 62 that
this exponential tail reflects the diffusive motion of wa-
ter molecules in and out from spatial domains, in which
either LDL or HDL dominates. When going from bulk
7water to the solvation layer of AFP-III, that diffusive pro-
cess becomes somewhat slower (Fig.7, blue versus black
line), since the position of these domains are now fixed
to a certain extent by the protein (Fig. 5a). On the one
hand, that resembles the fact that the diffusivity of wa-
ter in the solvation layer of a protein is reduced, but in
addition to that, it is now only the motion of the water
molecules, no longer that of the domains, which deter-
mines the long-time decay of the correlation function.
The ultrafast initial drop of the time-correlation func-
tion reflects thermal noise in the analysis of the Markov
state model. This in turn implies that the relative LDL
excess LDL shown in Figs. 4 and 5, which averages over
time and hence over that ultrafast component, cannot
reveal the limiting values ±1 that Eq. 2 would suggest,
even in the very best case. If we assume that the bipha-
sic decay of the correlation function originates from a fast
Gaussian process (thermal noise) and a slow binary pro-
cess (switching between HDL and LDL), both of which
are uncorrelated, then the maximal possible amplitude
would be ±√0.37 = ±0.6 (where 0.37 is the amplitude
of the diffusive process, see dashed line in Fig. 7, insert).
On the other hand, the observed peak amplitudes in the
data of Fig. 5a are ∆LDL ≈ ±6%, (the peak amplitudes
are smaller in Fig. 4a since these data are averaged over
the whole IBS surface). If one normalizes out the con-
tribution of thermal noise, the domains depicted in color
in Fig. 5a contain an excess of about ≈ ±10% LDL or
HDL.
IV. DISCUSSION
All proteins investigated here, regardless whether they
are an AFP or not, locally change the equilibrium be-
tween the two states of water around them, and have a
tendency to increase the amount of HDL in the second
solvation layer relative to that in the bulk. This obser-
vation seems to reflect the notion that solvation water
around a protein is more dense than bulk water.82–85 In
essence, the presence of a protein surface disturbs the
hydrogen bond network of water and therefore makes its
higher-entropy form –HDL– more likely. The fact that
the amount of HDL correlates with the flexibility of the
protein backbone supports this view.
The IBS of AFPs counteracts that trend, a result which
has been observed for all AFPs studied here that cover
most of the structural variability of AFPs.2 While the
amount LDL does not necessarily exceed that of bulk wa-
ter, it is still always larger than the LDL content averaged
over the complete protein surface. That is, we observe ei-
ther a “hole” in the HDL layer atop of the IBS (DAFP-1,
Fig. 5b), or a true excess of the more structured LDL rel-
ative to bulk water (AFP-III, Fig. 5a and AFP-I, Fig. 5c),
with the effect being more pronounced for AFP-III. With
7 apolar amino acids out of 12 (Fig. 6a), the IBS of AFP-
III is relatively hydrophobic, suggesting that it is the
hydrophobicity which enhances the preference of LDL,
along the lines of the proposed clathrate-like structures
around the IBS.4,7 In contrast, the side-chains of the IBS
of DAFP-1 are all hydrogen-bonding (polar) threonines
(Fig. 6b).
Our results correlate to a certain extent with the ob-
servations of Bakker and coworkers, who observed ice-
like water in VSFG spectra only in the case of wild-type
AFP-III,13 but not for DAFP-1,14 despite the fact that
the latter has the larger activity as AFP. It should how-
ever be stressed that the excess of LDL we do observe
(≈ +10%) is too small to call it ice-like, and we certainly
would not expect that the IR spectrum of this water re-
sembles that of ice. Furthermore, we observe no effect
for the single-point mutation T18N of AFP-III, which
is known to be basically inactive as AFP,17–19 and for
which the VSFG spectroscopy changed dramatically as
well.13 In comparing our results with those of Bakker
and coworkers, one should however keep in mind that we
had to exclude the first solvation layer from the Markov
State analysis, while presumably the contribution of ex-
actly that layer dominates the VSFG spectrum. How-
ever, structure in water has a correlation length,62 and
some of the structuring in the first solvation layer will ex-
tend into the second, which would be seen in the VSFG
as well. If the interpretation of “ice-like water” is correct
in Ref.13, it is hard to imagine unstructured water in the
second layer, while the first is “ice-like”. Furthermore,
they see an ice-like spectrum only at higher AFP-III con-
centrations with a relatively sharp transition as a func-
tion of concentration.13 This observation implies that it is
a cooperative effect in some way, which is not accounted
for in the present study that contains only a single pro-
tein molecule. It might well be that this cooperative
effect would occur only at a higher concentration in the
T18N mutant of AFP-III. In addition, the VSFG spec-
troscopy selectively measures proteins that accumulate
at the water-air interface, the latter of which is known to
change the properties of water, again in a way that is not
accounted for here. Finally, ice formation and ice growth
might be a very slow process, and we miss it in our 1 µs
long MD simulation. In that regard, it should however
be mentioned that within signal-to-noise, we could not
detect any time-evolution of the effect shown in Fig. 4a.
Provided that the IBS could be considered a nucleation
site similar to an ice crystal, ice growth has been shown
to proceed on a 10-100 ns timescale,86 i.e., within our
time-window. As an alternative explanation, it has been
argued that TIP4P/2005 (and all other computer mod-
els of water) underestimates local fluctuations of water,
and reproduce them, if at all, only at significantly lower
temperatures.87,88 This correlates with the observation
that also the freezing point of TIP4P/2005 is severely
underestimated.86 All these points might explain why we
see the same trend as Bakker and coworker in their VSFG
spectra,13,14 albeit much less distinct.
Concerning the distribution of HDL around the pro-
tein, there is no qualitative difference between DAFP-1
and avidin (Fig. 5b versus Fig. 5d), yet avidin has no
8known activity as AFP. Hence, the pre-ordering-binding
mechanism, which we do indeed observe, cannot be the
complete story. Other aspects are the planarity and the
rigidity of the IBS, which are different for DAFP-1 and
avidin. Another example in this regard is the dramatic
effect of the single-point mutation T18N of AFP-III, re-
ducing the activity to 10% of that of the wild-type, an ef-
fect which has been attributed to the increased side-chain
length and side-chain volume that very locally leads to
a steric disturbance of the IBS.17,18 In terms of polar-
ity, however, threonine and asparagine are very much
comparable, explaining why there is no effect on the wa-
ter structure in the second solvation layer and beyond
(Fig. 4a).
V. CONCLUSION
In conclusion, we propose a direct link between the
hypothesized pre-ordering-binding mechanism of AFPs
and the two-state model of water. While the construct
of the order parameter implied that we had to restrict the
analysis to the second solvation layer, in contrast to most
previous simulation studies that concentrated on the first
solvation layer,8,23–25 the structural resolution power of
the Markov state model is large enough to see the quite
subtle changes in the LDL/HDL distribution in the sec-
ond solvation layer and beyond. The analysis reveals
that all AFPs exhibit an excess of LDL atop of the IBS
compared to the rest of the protein, while polar and/or
more flexible amino acids tend to increase the HDL con-
tent. On the one hand, the results give insight into the
binding mechanism of AFPs, in the sense that the pre-
ordering-binding mechanism indeed seems to play a role,
but is only part of the overall picture. At the same time,
the results also serve to better understand the properties
of water; in particular with regard to the question how
they are changed in the vicinity of a protein. It is the
interplay between water and protein that determines the
properties of the latter to a large extent, a problem that
has been studied since decades89 and still is a matter of
intense research.90
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